The pace and trajectory of coevolutionary arms races between parasites and their hosts are strongly influenced by the number of interacting species. In environments where a parasite has access to more than one host species, the parasite population may become divided in preference for a particular host. In the present study, we show that individual colonies of the pirate ant Polyergus breviceps differ in host preference during raiding, with each colony specializing on only one of two available Formica host species. Moreover, through genetic analyses, we show that the two hosts differ in their colony genetic structure. Formica occulta colonies were monogynous, whereas Formica sp. cf. argentea colonies were polygynous and polydomous (colonies occupy multiple nest sites). This difference has important implications for coevolutionary dynamics in this system because raids against individual nests of polydomous colonies have less impact on overall host colony fitness than do attacks on intact colonies. We also used primers that we designed for four microsatellite loci isolated from P. breviceps to verify that colonies of this species, like other pirate ants, are comprised of simple families headed by one singly mated queen.
INTRODUCTION
Coevolution between parasite and host is most often conceptualized as an arms race (Dawkins & Krebs, 1979) driven by Red Queen reciprocal selection (Van Valen, 1973) . Arms races occurring locally can have different outcomes, with the result that a geographical mosaic of phenotypes can result (Thompson, 2005) . This mosaic of morphologies and/or behaviours, evident when the same parasite and host species interact, reflects and reinforces an underlying mosaic of selection pressures. In some locales, reciprocal selection is strong, producing 'hot spots' of coevolution, whereas reciprocal selection is weaker in others and a cold spot ensues (Thompson, 1999 (Thompson, , 2005 Any interaction between parasite and host is necessarily embedded within an ecological context. Since interactions occur within a network of interacting species, a crucial context contributing to the geographical mosaic is therefore community composition (Thompson, 2005) . In any given locale, the backdrop to coevolution is but a subset of all the species occurring across the parasite's and host's ranges; the resulting geographical mosaic thus partly reflects the effects of varying communities.
For a coevolutionary arms race, the most important ecological variable must be the presence or absence of alternative hosts and parasites. Thus, an environment in which a parasite has access to a single host may produce a coevolutionary outcome quite distinct from one in which the parasite has alternative host species (Woolhouse, Taylor & Haydon, 2001; Gandon, 2004) . Conversely, an environment in which a host has multiple parasites may produce an outcome quite different from one in which a single parasite occurs (Nuismer & Dobeli, 2004) .
Social parasites are a unique class that exploit the social behaviour of their hosts, and most have evolved to exploit parental and/or caregiving behaviour. Social parasites have evolved in numerous taxa, and the avian brood parasites and pirate ants [here, we adopt the terminology of Herbers (2007) who advocates dropping the slavery metaphor] have emerged as two powerful systems for studying the coevolutionary arms race. Brood parasites lay their eggs in nests built by another species, and the host species rears those eggs through to fledging; by contrast, pirate ants forcibly enter nests of their host species and take over the entire social machinery. These two systems have striking evolutionary similarities (Davies, Bourke and Brooke, 1989) , including the existence of hot and cold spots, as well as variation in host preference. Variation in host preference has culminated in evolution of specialized egg morphology for some avian brood parasites, whereby individual females specialize on just one host species and produce eggs that selectively mimic that species (Brooke & Davies, 1988; Davies et al ., 1989) . These specialist female groups, known as gentes, are not completely differentiated; parasite males show no mating preferences and thus provide the gene flow that prevents reproductive isolation between gentes (Marchetti, Nakamura & Gibbs, 1998; Gibbs et al ., 2000) . Recent behavioural evidence suggests a similar pattern of individual-level host specialization among socially parasitic cuckoo bees (Bogusch, Kratochvil & Straka, 2006) , but genetic analyses have not been conducted to determine whether these host specialists are genetically differentiated. To date, such genetic investigations of other insect social parasites have failed to yield any evidence for host specific genetic differentiation (Packer et al ., 1995; Fanelli et al ., 2005) .
An important distinction between avian brood parasites and pirate ants lies in the opportunities for reciprocal selection throughout a life history. Adult brood parasites interact with hosts only while finding host nests in which to lay eggs, and juvenile brood parasites interact in the context of nest care. By contrast, pirate ants interact with their host species in two distinct contexts. Pirate colonies are founded when a newly-fertilized queen enters a nest of her host species and kills or drives off the resident host queen. The parasite queen then insinuates herself with any host workers remaining, and proceeds to lay her own eggs. The parasite eggs, tended by the host workers, mature into pirate workers, which then engage in scouting forays to find new host nests. Scouts return to their nest to recruit additional pirates that then engage in fullscale raids during which the host nest is plundered for its larvae and pupae. The ferocity of these raids varies considerably across both pirate and host species, as well as among populations of interactants (Blatrix & Herbers, 2003; Foitzik & Herbers, 2001b; Foitzik et al ., 2001; Hare & Alloway, 2001; Foitzik, Fischer & Heinze, 2003; Brandt & Foitzik, 2004; Fischer & Foitzik, 2004; Fischer-Blass, Heinze & Foitzik, 2006; Johnson & Herbers, 2006; Bono, Antolin & Herbers, 2006) .
Host specialization by individuals during the colony founding stage has been demonstrated for three pirate ant species: Polyergus lucidus (Goodloe & Sanwald, 1985) Polyergus rufescens (Mori et al ., 1994) , and Chalepoxenus muellerianus (Schumann & Buschinger, 1994) . For P. lucidus and C. mullerianus , there is also evidence that raiding behaviour is similarly specialized (Goodloe, Sanwald & Topoff, 1987; Schumann & Buschinger, 1995) . Thus, in locations where more than one host species is available, individual queens preferentially invade nests of only one of the hosts, and pirate workers subsequently raid nests of this same species. In the present study, we confirm the existence of long-term host specialization during raiding for the pirate Polyergus breviceps from western North America.
Selection on host species is most intense during raiding (Brandt et al ., 2005) , and hosts are thus expected to evolve defenses. Host resistance can of course evolve if attacked colonies repel their invaders, a trait that varies for different host species and across populations of individual host species (Foitzik et al ., 2001 (Foitzik et al ., , 2003 . It can also evolve in the context of indirect selection on relatives. Many host species have colonies that are physically subdivided collections of individuals living in discrete nest sites, a condition called polydomy. The potential for coevolution via kin selection is enhanced for hosts that have polydomous colonies because raiding of one nest does not entail complete loss of immatures from the extended family network.
MATERIAL AND METHODS

F IELD COLLECTIONS
The present study system included the obligate pirate ant, P. breviceps and two host species ( Formica occulta and Formica sp. cf. argentea ) that co-occur in the foothills of the Rocky Mountains (2000 m a.s.l.), 36 km north-west of Fort Collins, CO, USA. The field site was characterized by open meadows and sparsely spaced ponderosa pine, spruce, and fir trees. We found colonies of pirates and the hosts on hillsides nesting under rocks and stones. Formica sp. cf. argentea colonies were more common at this location, outnumbering F. occulta colonies approximately 1.5 : 1. We used survey equipment and global positioning systems to generate Universal Transverse Mercator coordinates of all host and slave-maker colonies we could find prior to our study, which were then mapped with Arcview software. In May 2002, we collected at least 15 P. breviceps workers from seven of the eight colonies present at the site and 9-12 workers from 17 randomly selected free-living host colonies of F. occulta and 18 of F . sp. cf. argentea . We brought workers to the laboratory and immediately froze them at − 70 ° C for genetic analysis.
To examine whether P. breviceps colonies contained captives from both host species, we collected and identified at least 12 captives from all eight pirate ant colonies in 2002, and seven in 2003 (one colony was excluded because it was no longer present). We also randomly selected 37 raids over the course of the 2002 and 2003 raiding seasons, documenting which host species was involved in the interaction.
G ENETIC ANALYSIS : MICROSATELLITE IDENTIFICATION AND AMPLIFICATION
We built a microsatellite-enriched library for P. breviceps following Giraud et al . (2002) using biotinlabelled microsatellite oligoprobes [(TC) 10 and (TG) 10 ] and streptavidin-coated microbeads. We used the Quiagen DNeasy tissue kit to extract total genomic DNA from P. breviceps workers. We transferred recombinant bacterial colonies onto charged nylon membranes (Hybond N + , Amershand Pharmacia) and screened them with dioxigenine labelled oligoprobes. Fifty-five (18.5%) of the colonies produced a positive screen, and inserts were of an appropriate size (300-700 bp). We sequenced 27 clones, of which 25 contained a microsatellite locus. We used the freeware program Primer3 to design polymerase chain reaction (PCR) primers for 15 of these loci.
For further analysis, we used a salt-extraction protocol to extract DNA from P. breviceps , F. occulta and F . sp. cf. argentea workers. We removed the abdomen from each ant before placing the remaining parts in 60 µ L of Puregene cell lysis solution and grinding with a pestel. These tubes were then incubated at 65 ° C for 30-60 min. Following incubation, we added 20 µ L of ammonium acetate to precipitate proteins. Tubes were placed in the freezer for at least 10 min, and then centrifuged at high speed for 6 min. We pipetted the supernatant into 65 µ L of 100% isopropanol and cooled the solution in the freezer for at least 10 min. We then centrifuged the tubes at high speed for 6 min, poured off the isopropanol and inverted tubes for 24 h to dry the DNA pellet. We resuspended the DNA pellet with 100 µ L 1 × TE buffer.
Of the 15 microsatellites that we isolated from P. breviceps workers, eight amplified products of appropriate size and four of these (pol 1, pol 3, pol 4, and pol 10) proved to be polymorphic in our population. PCR cocktails consisted of 0.7 µ L of DNA solution, 2.5 µ L of 10 × buffer (Promega), 2 mM of MgCl 2 , 0.3 mM of each dNTP, 0.8 µ M of each primer, 0.75 units of Promega Taq DNA polyermase, for a total reaction volume of 25 µ L. All PCR temperature programs included an initial denaturing step at 95 ° C for 5 min, followed by 36 cycles of 30 s at 95 ° C, 30 s at the appropriate annealing temperature (Table 1) , 30 s at 72 ° C, and a 5-min extension step at 72 ° C.
We found polymorphic microsatellites for both Formica host species using published primers. For F. occulta , we used Fl 21, originally developed for Formica paralugubris (Chapuisat, 1996) and Fe 49, originally developed for Formica exsecta (Gyllenstrand, Gertsch & Pamilo, 2002 We separated samples on 6% polyacrylamide gels and visualized alleles by silver staining gels. We genotyped 9-12 individuals from 17 different colonies for F. occulta (two loci), 12 individuals from 19 different colonies for F. sp. cf. argentea (three loci), and 15-18 individuals from seven different P. breviceps colonies (four loci).
DATA ANALYSIS
We estimated allele frequencies and intracolony worker relatedness with the program Relatedness, version 5.0.8 (Queller & Goodnight, 1989) . We weighted individuals equally, and applied a bias correction for allele frequency calculations that accounts for the family structure of colonies. To obtain unbiased estimates of observed heterozygosity for P. breviceps, we developed a simulation exercise whereby one individual was sampled randomly from each colony and heterozygosity was calculated for this 'population'. We ran the simulation 1000 times and calculated the observed heterozygosity as the mean heterozygosity from all 1000 'populations'.
We used spatially explicit genotype data to investigate colony structure. Because three pairs of F. sp. cf. argentea nests that we genotyped were closer to each other than to any other nests, we applied methods of Pederson and Boomsma (1999a) to test whether these nests belonged to a larger subdivided (polydomous) colony. Although it is certainly possible that nests not immediately adjacent to each other were also polydomous, this criterion allowed us to identify specific nests that were more likely to be part of a larger colony. We first calculated the internest relatedness (r 1→2 ) of workers from the two nests; a positive value could result from polydomy or from limited queen dispersal such that neighbouring nests are related but not freely exchanging workers. One way to distinguish these possibilities is to calculate ∆r, which estimates the difference between r 1→2 and the expected relatedness if these nests belong to the same polydomous colony (simply the average of the two intranest relatedness values weighted by sample size; Pederson & Boomsma, 1999a: eqn. 8) . If the nests belong to the same colony, ∆r should be ≥ 0, whereas negative values indicate that nests belong to different colonies. We also calculated G dist , which measures whether genotypes are distributed homogenously between nests. Large values of G dist suggest that the distribution of genotypes is not homogenous and nests do not belong to the same colony. To generate a distribution of G dist for nests that we assumed were not polydomous, we randomly selected 20 nest pairs that were not nearest neighbours and calculated G dist for each pair. We then used a one-sided t-test to test the probability that the individual G dist values for potentially polydomous nests could have come from the distribution generated by the 20 sample pairs.
The spatial distribution of the second host F. occulta included no pairs that were each others' nearest neighbours, so we could not determine whether colonies were polydomous. Nests of the pirate P. breviceps were never closer than 10 m apart, suggesting that polydomy was unlikely. Nevertheless, we calculated r 1→2 for each nest pair to verify the lack of polydomy.
RESULTS COLONY STRUCTURE OF THE PIRATE ANT, P. BREVICEPS
Primer sequences, number of alleles per locus, and expected and observed heterozygosities for P. breviceps primers are presented in Table 1 . Average worker relatedness for P. breviceps colonies was 0.72 ± 0.04 [95% confidence interval (CI) = 0.60-0.84], suggesting that colonies were monogynous and monandrous. Inspection of individual genotypes across the four loci confirmed this inference, because, in all cases, we found genotypes consistent with simple families (i.e. a single allele from the father and one of two alleles from the mother). Our sample sizes per colony (N = 15-18) yielded sufficient power to detect additional patrilines even should paternity skew be high (Pederson & Boomsma, 1999b) . Therefore, we are confident that colonies were monogynous and monandrous. All values for r 1→2 between P. breviceps colonies were not different from zero, indicating that colonies were not related to each other (e.g. were not polydomous).
The spatial positions of pirate nests and their freeliving hosts (Fig. 1) clearly show that pirate colonies had access to both host species for raiding (range of raid distances: 3.6-38 m), with the possible exception of one colony that specialized on F. sp. cf. argentea. It is important to note that these host nests were certainly not the only nests at the site; the majority of P. breviceps raids were conducted against nests that we had not found previously. Despite the fact that both host species were generally available, examination of the captives within individual pirate ant colonies revealed strong host specificity at the colony level. None of the colony samples from 2002 and 2003 ever included captives from both species: rather, six of the colonies contained only F. sp. cf. argentea captives, whereas the other two colonies contained only F. occulta captives. Moreover, all sampled raids over the course of the 2 years were conducted against colonies of the host species present in the pirate ant nest. 
HOST COLONY STRUCTURE
For genetic analysis of host colonies, information on the number of alleles per locus and frequencies of the most common allele is given in Table 2 . Average worker relatedness for F. occulta was high (0.72 ± 0.03), and the CI overlaps the expectation of 0.75 for monogynous/monandrous colonies (95% CI = 0.66-0.78). Similar to its parasite P. breviceps, inspection of individual genotypes from each colony of this host suggested monogyny/monandry. All individuals in all colonies had genotypes consistent with simple families. Thus, F. occulta conforms to the least complicated colony structure: simple families all living in one place. By contrast, the host F. sp. cf. argentea had complex colony structure. Intra-nest relatedness was much lower (0.39 ± 0.04; 95% CI = 0.31-0.47; range = 0.08-0.60), suggesting polygyny and/or multiple mating. We cannot parse the relative contributions of polygyny and polyandry to the lowered relatedness because that requires considerably more effort. However, we have observed multiple queens in colonies of this species, which suggests that colonies were probably polygynous. The methods of Pederson & Boomsma (1999a) showed that some nearest neighbours belonged to the same colony. Nest pair 16-17 had a r 1→2 of −0.05 so we rejected the hypothesis of con-coloniality for these nests. The other two nest pairs (97-98 and 101-102) had a positive r 1?2 (Table 3) . Although nests 97-98 did not belong to the same colony, nest pair 101-102 appeared to be polydomous because the ∆r was positive and G dist was significantly smaller than the mean from the random sample (mean from sample = 27.13; one-tailed t-test, P = 0.0006; Table 3 ). This host species can have polydomous colonies, further complicating colony structure.
DISCUSSION
Our results confirmed that the pirate species P. breviceps has a simple family genetic structure, with all workers having the same mother and father pair, and thus conforms to the general pattern within pirate species of having simple families (Pamilo, 1981; Buschinger, 1989; Bourke & Franks, 1995; Foitzik & Herbers, 2001a; Brunner et al., 2005) . This pirate interacts with two hosts at our field site, and the hosts themselves have dramatically different social structure. Ants of the genus Formica show considerable complexity, with some species being obligately polygynous and polydomous, others being obligately monogynous and monodomous, and still others displaying plasticity for both traits (Bennett, 1987; Pamilo, 1981 Pamilo, , 1982 Sundstrom, 1993; Chapuisat, Goudet & Keller, 1997; DeHeer & Herbers, 2004) . Our two host species in this genus are fairly typical formicines, with F. occulta having simple families and F. sp. cf. argentea exhibiting more complex colony genetic structure.
Recent work on pirate-host interactions has shown that a pirate species with access to two hosts typically shows disproportionate exploitation, such that the frequencies of captives in pirate nests do not match their frequencies as free-living host colonies (Brandt & Foitzik, 2004; Fischer-Blass et al., 2006) . The mismatch might reflect choice behaviour by pirate scouts or it might reflect differential resistance by host species (Brandt & Foitzik, 2004; Fischer-Blass et al., 2006) . The result of either mechanism is that one host species suffers stronger selection pressure than the alternate host. The data from the present study fail to give any indication of disproportionate exploitation, albeit with very small sample sizes. Yet we do show that individual colonies of P. breviceps show a strong preference for one of the alternative hosts. Although other studies have documented similar host specificity for individual colonies (Goodloe & Sanwald, 1985; Goodloe et al., 1987; Schumann & Buschinger, 1994 , we show here that the preference is consistent over multiple years. Across three raiding seasons, each of our pirate colonies raided only one host species, which strongly suggests that the host preference may be unvarying over a pirate colony's lifetime. Thus, individual host preference in P. breviceps pirate ants apparently parallels the gentes among avian brood parasites, a tantalizing suggestion that deserves further investigation.
That our parasite species interacts with two hosts has important implications for coevolutonary dynamics. For pirate ants that do not specialize at the colony level, the presence of alternative hosts has been shown to slow and/or disrupt the arms races between the parasite and each of its hosts (Brandt & Foitzik, 2004) . Whether the same is true for pirate ants that show colony level host preferences is unclear at this point. Colony-level host specificity may lead to a tighter association between each parasite type and its preferred host than would otherwise result if the parasite population was not divided by host preference. However, gene flow between parasite types would act to mitigate this effect. Future work focused on analysing patterns of gene flow between P. breviceps colonies that use different hosts should help to evaluate these possibilities.
The social structure of host colonies also has important implications for the dynamics of interactions between pirates and their hosts. Host polydomy is a particularly important trait because pirate attacks on Foitzik & Herbers, 2001a ). If we therefore assume that F. occulta is monodomous, then we can assert that equivalent raiding attacks on the two host species induce stronger selection on F. occulta to resist. Indeed, this is consistent with the results of another study in this system, which showed that F. occulta nests had higher survivorship following raids than F. sp. cf. argentea (Bono et al., 2006) . However, that assertion begs the question of whether the F. sp. cf. argentea current complex polydomous colony structure is itself the result of a long coevolutionary history with the pirate species. Polydomy may be the result of past selection pressure from the pirate, and interactions between F. sp. cf. argentea and P. breviceps today may in fact represent the ghost of coevolution past. Disentangling past coevolutionary history from current coevolutionary dynamics will require broader geographical sampling and phylogenetic analysis.
A causal link between host polygyny and polydomy and evolution of social parasitism is the source of considerable speculation in the literature (Buschinger, 1970 (Buschinger, , 1986 1990; Alloway, 1980; Pollock & Rissing, 1989) . Like other social parasites, pirate ants and their hosts are closely related, and are thus assumed to have evolved from a common ancestor (Lowe, Ward & Crozier, 2002) . The fact that most pirate ants are monogynous whereas hosts display both complex and simple social structure suggests one of two scenarios. The common ancestor may have been monogynous and monodomous, in which case polygyny/polydomy among current hosts may be the result of an arms races with the parasite, other environmental selection pressures, or the acquisition of new hosts by the parasite following divergence. Alternatively, the common ancestor might have been polygynous and polydomous, with the parasite secondarily evolving monogyny and monodomy. Both scenarios are supported by comparative evidence and only a thorough systematic analysis will allow us to differentiate them (Beibl et al., 2005) .
